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RECONFIGURABLE CHIP LEVEL
EQUALIZER ARCHITECTURE

CROSS-REFERENCE TO RELATED
APPLICATIONS D

This application claims priority to U.S. Provisional Appli-
cation No. 60/435,529 filed Dec. 20, 2002 and entitled “Chip

Level Equalizer,” incorporated herein by reference.

10
FIELD OF THE INVENTION

The present invention relates generally to wireless commu-

nication systems.
15

BACKGROUND

In general, wireless communication systems transmit sig-
nals between transmitting antennas and receiving antennas.
Because the location of transmitting and receiving antennas 20
may be far apart, a transmitted signal often encounters a
variety of mediums en route to a recerving antenna. For
example, a transmitted signal may encounter mountains,
buildings, and other mediums en route to a receiving antenna.
Additionally, many transmitting and receiving antennas are 25
mobile, e.g., cell phone antennas. As a result, a transmitted
signal 1s often divided into a plurality of sub-signals, with
cach sub-signal having a unique path and time delay, en route
to a recerving antenna. The existence of multi-path propaga-
tion requires special consideration when designing a wireless 30
communication system. For example, at the receiving
antenna, the original transmitted signal may be reconstructed
by adding the sub-signals together.

In an effort to increase the data rate capacity of wireless
communication systems, higher order modulation schemes, 35
e.g., 16 QAM (quadrature amplitude modulation) or 8-PSK
(phase shift keying), and spectrally efficient data allocation
schemes have been developed. For example, 1x evolution
data and voice (1XEV-DV), phase shiit keying (8-PSK), and
high speed downlink packet access (HSDPA) are standards 40
that permit higher data transmission rates through the use of
higher order modulation schemes and/or spectrally efficient
data allocation schemes.

Unfortunately, using higher order modulation schemes
(e.g. 16 QAM, 8-PSK) and spectrally efficient data allocation 45
schemes make wireless communication systems undesirably
sensitive to multi-path data propagation. In particular, multi-
path data propagation may cause a loss of signal orthogonal-
ity resulting 1n data on one channel being more susceptible to
interference from other channels and, thereby significantly 50
decreasing data throughput of the wireless communication
system. Therefore, methods and systems that overcome per-
formance degradation due to multi-path data propagation,
while permitting high data transfer rates are desirable.

55
SUMMARY

Accordingly, there 1s disclosed herein a reconfigurable
chip level equalizer having circuitry that restores signal
orthogonality and eliminates channel interference for a wire- 60
less transmitted signal. In at least some embodiments, the
reconiigurable chip level equalizer comprises two or more
adaptive equalizers, a plurality of operational blocks that
interconnect the two or more adaptive equalizers, and a con-
trol mechanism that configures the two or more adaptive 65
equalizers and operational blocks according to different sig-
nal delay profiles. In response to at least one type of signal

2

delay profile, the reconfigurable chip level equalizer may be
configured to operate with only one equalizer.

BRIEF DESCRIPTION OF THE DRAWINGS

For a detailed description of various embodiments of the
invention, reference will now be made to the accompanying

drawings in which:

FIGS. 1a-1d show embodiments of multi-path signal delay
profiles;

FIG. 2a shows a block diagram illustrating a receiving
system that uses a single-stage chip level equalizer;

FIG. 2b shows a block diagram illustrating a receiving
system that uses a two-stage chip level equalizer;

FIG. 2¢ shows a block diagram illustrating a receiving
system that uses a chip level equalizer embodiment with
multiple adaptive equalizers to expand a tap delay line of a
filter operation;

FIG. 2d shows a block diagram illustrating a receiving
system that uses a chip level equalizer embodiment with
multiple adaptive equalizers that can be used to filter two or
more separate energy clusters;

FIG. 3 shows a block diagram 1llustrating an embodiment
of a closed-loop transmit diversity (CLTD) equalizer;

FIG. 4 shows a block diagram 1llustrating an embodiment
of a space-time transmit diversity (ST'TD) equalizer;

FIG. 5 shows a block diagram 1llustrating a reconfigurable
chip level equalizer 1n accordance with embodiments of the
invention;

FIGS. 6a-6¢ show operating modes of the reconfigurable
chip level equalizer illustrated 1n FIG. 5 1n accordance with
embodiments of the invention;

FIG. 7 shows a block diagram 1illustrating a method of
receiving a wireless signal 1n accordance with embodiments
of the invention; and

FIG. 8 shows a block diagram illustrating a method of
selecting a mode of a reconfigurable chip level equalizer 1n
accordance with embodiments of the invention.

NOTATION AND NOMENCLATURE

Certain terms are used throughout the following descrip-
tion and claims to refer to particular system components. As
one skilled in the art will appreciate, companies may refer to
a component by different names. This document does not
intend to distinguish between components that differ in name
but not function. In the following discussion and 1n the
claims, the terms “including” and “comprising’” are used in an
open-ended fashion, and thus should be mterpreted to mean
“including, but not limited to . . . 7. Also, the term “couple” or
“couples” 1s mtended to mean either an indirect or direct
clectrical connection. Thus, if a first device couples to a
second device, that connection may be through a direct elec-
trical connection, or through an indirect electrical connection
via other devices and connections.

DETAILED DESCRIPTION

While the invention 1s susceptible to various modifications
and alternative forms, specific embodiments thereof are
shown by way of example 1n the drawings and will herein be
described 1n detail. It should be understood, however, that the
drawings and detailed description thereto are not intended to
limait the invention to the particular form disclosed, but on the
contrary, the intention 1s to cover all modifications, equiva-
lents and alternatives falling within the spirit and scope of the
present invention as defined by the appended claims.
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Typically, a wireless communication system prepares a
signal for transmission by modulating the signal. Modulation
may comprise a variety of techniques, including frequency
modulation, time modulation, and code modulation tech-
niques, that permait a particular signal to be distinguished from
other wireless signals. After the signal has been modulated,
an antenna may transmit the signal to a receiving antenna.

As previously described, a transmitted signal may arrive to
a recerving antenna as a plurality of sub-signals, or retlec-
tions. There are at least two techniques to overcome the
clfects of multi-path propagation 1n high bandwidth systems,
such as HSPDA and 1xEV-DV, so that the original signal 1s
restored with minimal distortion (caused by channel interter-
ence, etc). One approach 1s to restore the orthogonality of the
transmitted signal using chip level equalization (CLE). CLE
uses an adaptive equalizer to track the time varying amplitude
and delay characteristics of a channel such that error 1n the
received signal 1s reduced to a minimum. For more informa-
tion regarding adaptive equalization, reference may be made
to U.S. Pat. No. 6,587,504, entitled “Adaptive Equalizer and
designing method thereof”, which 1s herein incorporated by
reference.

Another approach to overcome the effects of multi-path
propagation in high-bandwidth systems may include employ-
ing an mterference canceler to estimate, regenerate, and can-
cel interference from other channels. In considering possible
embodiments, 1t 1s noted that the CLE may be simpler to
implement and more cost effective due to its finite impulse
response (FIR) filter structure, while the interference canceler
may give better performance. As will be disclosed herein, a
configurable chip-level equalizer may be used to provide
equalization for a variety of multi-path profiles and decoding
strategies.

FIG. 1a shows a time profile 100 of a multi-path signal 103.
As shown 1n FIG. 1a, sub-signals 101 of a multi-path signal
103 may vary in amplitude 104 and time of arrival. In par-
ticular, FIG. 1qa illustrates a multi-path delay profile 100 in
which the sub-signals 101 arrive in consecutive chip-time
units 102. For example, profile 100 may be representative of
multi-path propagation due to a receiving antenna (e.g., a cell
phone antenna) moving slowly (e.g., at speeds less than 10
km/hr).

In order for the CLE to restore orthogonality to a transmit-
ted signal, a number of taps (1.e., computing unit time-spans)
are required. The number of taps 1s computed as:

N=26+1 (1)

Where “N” 1s the number of taps and “0_” 1s the total time
interval during which sub-signals 101 with significant energy
arrive. For the example of FIG. 1a, 0_=4 and the required
number of taps N=9. FIG. 15 shows a time profile 110 of a
multi-path signal 103 1n which three sub-signals 101 arrive in
non-consecutive chip-time units 102. For example, the profile
110 may be representative of multi-path propagation due to a
receiving antenna moving relatively quickly (e.g., greater
than 10 km/hr). It 1s noted that the required number of taps N
1s equal to 9 as 1n FIG. 1a since 0_ 1s again equal to 4. FIG. 1c¢
illustrates a multi-path profile 120 1n which the sub-signals
101 are spread out over a larger number of chip-time units
102. For example, profile 120 may be representative of multi-
path propagation due to a receiving antenna 1s moving rela-
tively quickly, e.g., greater than 10 km/hr. As shown 1n FIG.
1¢, 0_=12 and the number of taps N=25. For the multi-path
signal profile 120 of FIG. 1c¢, an equalizer with more than
twice the number of taps as the equalizers of F1IGS. 1a and 15
would be desirable. FIG. 1d illustrates a time profile 130 of a
multi-path signal 103 wherein two clusters 105 of sub-signals
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101 are separated by a number of chip-time umts 102. For
example, profile 130 may be representative of multi-path
propagation due to a receiving antenna being used in hilly or
mountainous terrain. In the example of FIG. 14, two equaliz-
ers may be used and their responses combined 1n order to
account for the delay 106 between the two clusters 105.

The profiles 100, 110, 120, and 130 of FIGS. 1a-1d illus-
trate a variety of possible multi-path delay profiles. Some
embodiments of the mvention comprise a configurable CLE
that may use multiple modes to adjust dynamically to ditier-
ent multi-path delay profiles, such as those illustrated by
FIGS. 1a-1d. As will be described below, a reconfigurable
chip level equalizer (CLE) may use Normalized Least-Mean-
Square (NLMS) adaptive algorithms to minimize any error to
the transmitted signal caused by changes 1n a transmission
channel. However, embodiments of the reconfigurable CLE
are not limited to NLMS equalization and other adaptive
algorithms (e.g. Least-Mean-Square (LMS), Griflith’s, con-
strained-response mimmum output energy (CRMOE), pre-
filter rake, linear minimum squared error (LMMSE), and
others) may be implemented 1n some embodiments 1nstead of
the NLMS algorithms.

FIG. 2a shows a block diagram illustrating a receiving
system that uses a single-stage chip level equalizer 204. As
shown in F1G. 24, a single-stage chip level equalizer 204 may
be coupled between a downsampler 202, and a descrambler/
despreader block 206. Digitized samples of a recerved wire-
less signal are mput to the downsampler 202, which may
resample the mput at a lower sampling rate, (e.g., resample
every 4” or 8” input sample). In some embodiments, a down-
sampler 202 may not be necessary 11 the digital data samples
are transierred at a rate compatible with the equalizer 204.
The downsampler 202 outputs a downsampled version of the
received signal to the NLMS equalizer 204. The equalizer 204
may adaptively filter the input using a finite impulse response
(FIR) filter. An FIR filter may include one or more delay taps
that determine the length of the filter, wherein each tap has an
associated weight coellicient that correspond to an impulse
response.

To accomplish the adaptive filtering, equalizer 204 may
update the filter tap weights of the FIR filter so that channel
induced error 1s sufficiently reduced. To update the filter tap
weights, equalizer 204 pretferably calculates a “norm™ square
by squaring the values stored at each FIR tap delay and adding
them together. The norm square value 1s divided (1.e., normal-
1zed) by an adjustable adaptation coelficient and the result 1s
multiplied by a signal error approximation which may be
obtained by subtracting the FIR output from a desired signal.
The result of the multiplication may be used to replace the
previous lilter tap weights of the FIR, thereby allowing the
equalizer to adjust to changes 1n a transmission channel as
previously described.

In at least some embodiments, the desired signal men-
tioned above may comprise a pilot signal provided by an
HSDPA, or another, standard. As shown 1n FIG. 2a, a signal
“(1+1)*PN(GCC)” may be input to the NLMS equalizer 204
as the pilot signal, where PN 1s a complex (1.e., having real
components and 1maginary “” components) pseudo random
number (PN) sequence whose starting point 1s determined by
a global chip counter (GCC). As previously mentioned, the
receiving system uses the single-stage equalizer 204 to track
changes 1n a wireless communication channel and minimize
interference, e€.g. itersymbol intereference (ISI), caused by
those changes. The GCC (not shown) enables synchroniza-
tion between the equalizer 204 and other components, e.g.,
the descrambler/despreader block 206. In at least some
embodiments, the signal-stage equalizer 204 may be used
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with multi-path delay profiles similar to that shown in FIG.
1a, wherein multi-path sub-signals arrive in consecutive chip-
time umnits.

The output from the NLMS equalizer 204 may be input to
the descrambler/despreader block 206. The descrambler/de-
spreader block 206 preferably multiplies the input by the
conjugate of the PN sequence “PN(GCC+A,)” to descramble
the data. The data may then be despread using orthogonal
variable spreading factor (OVSF) codes which are input to the
descrambler/despreader block 206. A time delay “A,” may be
added to the GCC timing for the descrambler/despreader
block 206 to account for the delay of the NLMS equalizer
204.

FI1G. 26 1llustrates a receiving system that uses a two-stage
chip level equalizer 210. As shown 1n FIG. 25, a two-stage
chip level equalizer 210 may be coupled between a downsam-
pler 202, and a descrambler/despreader block 206. As shown,
dlgltlzed samples of a received wireless signal are input to the
downsampler 202, which resamples the input at a lower sam-
pling rate, (e.g., resample every 4” or 8” input sample). The
downsampler 202 outputs a signal to NLMS equalizer 204a
and a delay line 212. Again, the NLMS equalizer filters the
input using a FIR filter and updates the filter tap weights
(weight coellicients) as described above.

The output of equalizer 2044 1s recerved by signal regen-
eration block 211, which despreads, averages, normalizes,
respreads, and multiplies the equalizer 204a output by pilot
signal “PN(GCC+A,)”. Again, “A,” 1s a delay related to
equalizer 204q that 1s added to the GCC to synchronize the
timing between equalizer 204aq and other components, e.g.,
signal regeneration block 211. The output of signal regenera-
tion block 211 1s used as the desired signal, or pilot signal, for
NLMS equalizer 2045b. It 1s noted that the delay provided by
delay line 212 preferably synchronizes the operation of
equalizer 2045 with the operation of equalizer 204a and sig-
nal regeneration block 211. The NLMS adaptive equalizer
2045 receives the delayed original signal from delay line 212,
and performs FIR filtering and filter tap weight updating
functions as previously described using the output of signal
regeneration block 211 as a training signal (pilot signal).

Implementing the two-stage CLE 210 1n arecerving system
allows improved channel tracking accuracy and speed com-
pared to the single-stage CLE 200. This 1s because equalizer
204bH uses a “trained” pilot signal (i.e., the output of signal
regeneration block 211 provides a more accurate traiming
signal for equalizer 2045 than would a standard PN
sequence). The equalizers 204a and 2045 of FIG. 26 may
cach have their own calculation resources (not shown), which
are used for updating weight coellicients (filter tap weights)
as previously described. In at least some embodiments, the
two-stage CLE 210 may be used with multi-path time profiles
similar to those shown 1n FIGS. 1a and 15. In some embodi-
ments the two-stage CLE 210 may be used as a “default”
configuration.

As previously described for the signal-stage CLE 204, the
output from the two-stage CLE 210 may be mput to a
descrambler/despreader block 206. The descrambler/de-
spreader block 206 multiplies the input by the conjugate of
the PN sequence “PN(GCC+A,)” to descramble the data. The
data may then be despread using orthogonal variable spread-
ing factor (OVSF) codes which are input to the descrambler/
despreader block 206. Time delay “A,” may be added to the
GCC timing for the descrambler/despreader block 206 to
account for the delay of equalizer 204a, signal generation
delay, delay line 212, and/or equalizer 2045.

FIG. 2¢ shows a block diagram 111ustrat1ng a receving
system that uses an embodiment of a “concatenated” CLE
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220 having multiple adaptive equalizers. As shown 1n FIG.
2¢, two partial NLMS equalizers 204a and 2045 may be
placed 1n series, thereby effectively extending the tap delay
line. In at least some embodiments, the concatenated CLE
220 may be used with multi-path time profiles similar to that
shown in FIG. 1¢, wherein the multi-path sub-signals are
spread over a large number of chip-time units.

As shown 1 FIG. 2¢, the concatenated CLE 220 may be
coupled to a downsampler 202, wherein digitized samples of
a recerved wireless signal are input to the downsampler 202,
which resamples the input at a lower sampling rate, (e.g.,
resample every 4” or 8” input sample). The downsampler 202
outputs a signal to adaptive equalizer 204a, which performs
FIR filtering, norm square computation, and weight update
functions as previously described.

As shown 1n FIG. 2¢, the calculation resources 22156 of
adaptive equalizer 2045 are used by both equalizers 204q and
204b to update the filter tap weights. The calculation
resources 2215, as shown, generally requires that NLMS
equalizers 204a and 2045 be modified from a “standard”
equalizer configuration in which an equalizer uses its own
calculation resources (e.g., the NLMS equalizers shown 1n
FIGS. 2a and 26 would each use their own calculation
resources). In the embodiment of FI1G. 2¢, sharing calculation
resources 2215 would conserve more power than other
embodiments, which may 1mplement the calculation
resources of equalizers 204aq and 2045.

As shown, the concatenated CLE 220 combines the norm
squares of equalizers 204aq and 2045 using a summer 225 and
provides the norm square sum to calculation resource 2215
(the calculation resource of equalizer 2045) which performs
the steps of comparing the FIR output to a desired pilot signal
“(14))*PN(GCC)”, normalizing the norm square sum, and
updating the weights coellicients for both equalizers 204a
and 204b. As previously mentioned, using one calculation
resource 2215 for both equalizers 204a and 2045 allows the
calculation resource of the other equalizer to be temporarily
disabled, thereby saving power.

In at least some embodiments, the calculation resource
2215 may comprise a divider 2345, a multiplier 2335, a
conjugate block 2325, and a subtracter 2315. As shown 1n
FIG. 2¢, the divider 2345 divides the norm square sum by an
adaptation coefficient “w”. The multiplier 2335 multlples the
output of the divider 2345 by the conjugated difference (ob-
tained by subtracting) between the pilot signal and the com-
bined FIR outputs of equalizers 204a and 2045. As shown 1n
FIG. 2¢, summer 223 combines the FIR outputs of equalizers
204a and 204b, whereby subtracter 2315 subtracts the
summed FIR outputs from pilot signal “(1+7)*PN(GCC)”.
The subtraction result 1s conjugated by conjugate block 2325,
which provides that conjugated signal to multiplier 2335 as
described above.

As shown 1n FIG. 2¢, equalizer 204a may provide delay
taps 1 to N of an FIR filter with tap length 2N and equalizer
2045 may provide delay taps N+1 to 2N of the 2N tap FIR
filter used for the concatenated CLE 220. As previously
explained, the concatenated CLE 220 may preferably be used
when a multi-path time profile 1s similar to that shown 1n FIG.
1c, wherein the multi-path sub-signals are spread out over
many chip-time units. The output of concatenated CLE 220
may be descrambled and despread by descrambler/de-
spreader block 206 as previously described.

FIG. 2d shows a block diagram illustrating a receiving
system that uses an embodiment of a “sparse” CLE 230 that
uses multiple adaptive equalizers. As shown in FIG. 24, two
NLMS equalizers 204a and 2045 may be placed in series,
separated by a delay line 512 that allows equalization of two
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clusters separated in time. In a preferred embodiment, the
sparse CLE 230 may be used with multi-path time profiles
similar to that shown 1n FIG. 1d, wherein two clusters of
multi-path sub-signals are separated by a large number of
chip-time units.

As shown 1n FIG. 24, the sparse CLE 230 may be coupled
to a downsampler 202, which resamples the input at a lower
sampling rate, (e.g., resample every 4” or 8” input sample).
The downsampler 202 outputs a downsampled recerved sig-
nal to adaptive equalizer 204a, which performs FIR filtering,
norm square computation, and weight coellicient update
functions as previously described.

The operation of the sparse CLE 230 1s generally 1dentical
to the operation of the concatenated CLE 220, with the excep-
tion that a delay line 512 1s placed between a tap delay output
of equalizer 204a and a FIR filter input of equalizer 2045. By
placmg delay line 512 between the tap delay output of equal-
1zer 204a and the FIR 1nput of equalizer 2045, the sparse CLE
230 may be used to handle multi-path proﬁles inwhich alarge
delay separates clusters of multi-path sub-signals as was
described for FIG. 1d. As shown 1n FIG. 2d, equalizer 204a
may handle taps 1 to N and equalizer 2045 may handle taps
N+1 to 2N for the sparse CLE 230. As previously explained
for other CLE embodiments, the output of sparse CLE 230
may be descrambled and despread using a descrambler/de-
spreader block 206.

FIG. 3 1s a block diagram 1illustrating a recerving system
that uses closed-loop transmit diversity (CLTD) equalization.
As shown 1n FIG. 3, the receiving system may comprise a
single-stage equalizer pair 304, descrambler/despreader
blocks 206, symbol-rate buifers 308, and CLTD decode block
312. The single-stage equalizer pair CLE 304 may receive a
downsampled 1nput signal as previously described for other
receiving systems. The single-stage equalizer pair 304 may
operate as two separate NLMS equalizers (e.g., equalizer 204
of FIG. 2a) preferably to support wireless systems that use

multiple antennas for transmitting. The received signal 1s
iput also to CLTD decode block 312, which functions

according to CLTD standards. The outputs of the NLMS
equalizer pair 304 may be descrambled and despread by
descrambler/despreader blocks 206 and forwarded to sym-
bol-rate buifers 308 which synchronize the combination of
the descrambled/despread equalizer outputs Y.sub.1(n) and
Y.sub.2(n) with the calculation of CLTD weight estimates
W.sub.1(n) and W.sub.2(n). In particular, the receiving sys-
tem may be used when multiple antennas are used to transmit
a wireless signal.

FIG. 4 shows a block diagram illustrating a recerving sys-
tem that uses space-time transmit diversity (STTD) equaliza-
tion. As shown 1n FIG. 4, the system may comprise a single-
stage equalizer pair CLE 304, decrambler/despreader blocks
206, butfer blocks 408, and ST'TD decoding block 410. The
single-stage equalizer pair CLE 304 (e.g. two NLMS equal-
1zers) recerves a downsampled input signal as previously
described for other receiving systems. The output of the
equalizer pair block 304 may be descrambled and despread
using the descrambler/despreader blocks 406, butiered every
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two symbols using builer blocks 408, and decoded according
to the STTD standard using STTD decoding block 410. In

particular, the receiving system may be used when multiple
antennas are used to transmit a wireless signal.

In accordance with embodiments of the present invention,
a reconfigurable chip level equalizer may perform the func-

tions ol the equalizers of FIGS. 2a-2d, FIG. 3, and FIG. 4. In
at least some embodiments, a reconfigurable chip level equal-
1Zer may comprise two or more adaptive equalizers, a plural-
ity of operational blocks that interconnect the two or more
adaptive equalizers, and a control mechanism that configures
the two or more adaptive equalizers and operational blocks
according to the different signal delay profiles. In response to
at least one signal delay profile, the reconfigurable chip level
equalizer may be configured to operate using only one equal-
1ZE.

FIG. 5 1s a block diagram 1llustrating a reconfigurable chip
level equalizer 500 1n accordance with embodiments of the
present invention. As shown 1n FIG. 5, the reconfigurable
CLE 500 may comprise adaptive equalizer blocks 504a and
504b coupled to each other and to computational resources
521a and 5215 through multiplexers 524a-524f. The compu-
tational blocks 521a and 5215 may comprise subtract blocks

531a and 3315, conjugate blocks 532a and 5325, multiplica-
tion blocks 5334 and 5335, and division blocks 5344 and
534b. The reconfigurable CLE 500 may also comprise a plu-
rality of operational blocks, such as a signal regeneration
block 511, coupled to one of the adaptive equalizer blocks
504. As shown in FIG. §, the signal regeneration block 511
may comprise a descrambler/despreader block 506a, a delay
line 51254, a normalization block 514, a clipping block 515, a
scaling block 516, and a rescrambler/respreader block 3508.
As shown, the reconfigurable CLE 500 may also comprise a
delay line 512a coupled between equalizers 504a and 5045
through multiplexers 524¢ and 524e.

As shown 1n FIG. 5, a number of pilot signals (PN1-PN4)
may be used as pseudo number sequences. The pilot signals
may be used by various components of the reconfigurable
CLE 500. Specifically, in some embodiments, summer 531qa
and descrambler/despreader 506a may receive a pilot signal
PN1, multiplexer 5245 may receive a pilot signal PN2,
rescrambler/respreader 508 may receive a pilot signal PN3,
and descrambler/despreader 5065 may receive a pilot signal
PN4. In some embodiments, PN3 and PN4 may be time-
shifted versions of PN1.

In at least some embodiments, the multiplexers 524a-524¢
allow the reconfigurable chip level equalizer 500 to operate 1n
a plurality of modes corresponding to characteristics (at-
tributes) of a recerved signal delay profile and/or transmission
modes. More specifically, controlling multiplexers 524a-
524 g allow the reconfigurable CLE 500 to be used as a single-
stage CLE 200 (FIG. 2a), a two-stage CLE 210 (FIG. 2b), a
concatenated CLE 220 (FIG. 2¢), asparse CLE 230 (FIG. 24d),
and single-stage equalizer pair CLE 304 (FIGS. 3 and 4). In at

least some embodiments, the reconfigurable CLE 500 may
function according to Table 1 as shown below.
TABLE 1
Mux0O  Muxl Mux?2 Mux3  Mux4  Muxd  Mux6
(524a) (524b)  (524c) (524d) (524e)  (524f)  (524¢)
0 X X X X 0 1
0 0 1 0 1 0 0
1 X 0 1 0 1 1
1 X 0 1 1 1 1
0 1 1 0 0 0 0
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TABLE 1-continued

Mux4
(524e)

Mux0O
(524a)

Muxl1
(524b)

Mux?2
(524c)

Mux3
(524d)

CLE’s

As shown 1n Table 1, the reconfigurable CLE 500 functions

as a single-stage CLE 200 when multiplexer (mux) 524a 1s set
to mput 0, mux 524b 1s 1rrelevant (“X), mux 524c¢ 1s irrel-
evant, mux 5244 1s irrelevant, mux 524e 1s irrelevant, mux
524f1s set to input 0, and mux 524g 1s set to input 1. Similarly,
other operating modes may be activated by setting multiplex-
ers 524a-524¢ to their corresponding settings (1.e., mput 0,
input 1, or irrelevant) as shown, for example, 1n Table 1.

In order to select the most appropriate equalization mode
of reconfigurable CLE 500, several parameters may be con-
sidered, such as, the delay time spread of the channel, the
received power, the number of antennas, the target power
consumption, and the maximum separation between multi-
path clusters. In a preferred embodiment, the reconfigurable
CLE 3500 may automatically change modes 1n response to
changes 1n the above mentioned parameters or other related
parameters.

FIG. 6a 1s a block diagram illustrating an embodiment of
the reconfigurable CLE 500 of FIG. 5 1n a single-stage con-
figuration. As shown, bold line portions of the reconfigurable
CLE 500 are preferably enabled during the single-stage con-
figuration. In the embodiment of FIG. 64, the reconfigurable
CLE 500 functions as a single-stage CLE (e.g. CLE 200 of
FIG. 2a). As was previously described for CLE embodiments,
the reconfigurable CLE 500 may be coupled between a down-
sampler 502, and a descrambler/despreader block 5065.

As shown, digitized samples of a received wireless signal
are iput to the downsampler 502, which resamples the input
at a lower sampling rate, (e.g., resample every 4” or 8” input
sample). The downsampler 502 outputs a signal to the NLMS
equalizer 504a, which calculates a norm square (NS block) by
squaring the values stored at each tap delay and adding them
together. The output of equalizer 504a 1s obtained using a FIR
(Finite Impulse Response) filtering operation (FIR block),
passed through mux 524/ (set to input 0), and compared with
a desired signal “PN1” using subtracter 531a. The output of
subtracter 531a 1s conjugated by conjugate block 532a and
input to multiplication block 533a. The multiplication block
533a also recerves as mput the result of dividing the norm
square by an adaptation coefficient “u,” (1.e., the norm square
value 1s normalized using p,), which 1s carried out by the
divider block 534a. As shown, the norm square value 1is
passed to divider 534a through mux 524a (set to input 0). The
multiplication block 533a multiplies the normalized norm
square by the conjugated difference between the equalizer
504a output and the desired (pilot) signal “PN1”, whereby
weight coellicients (filter tap weights) are updated (WU
block). The FIR output of equalizer 504a 1s forwarded to
descrambler/despreader 5065 through mux 524¢ (set to input
1). As previously explained for single-stage CLE 200, the
embodiment of reconfigurable CLE 500 shown in FIG. 6a
may preferably be used with multi-path time profiles simailar
to that shown 1n FIG. 1a, wherein multi-path sub-signals
arrive 1n consecutive chip-time units. Alternatively, the
embodiment of the reconfigurable CLE 500 shown 1n FI1G. 6a
also may be used when a substantial amount of the energy of
the signal profile 1s contained within one sub-signal.

FIG. 6b 15 a block diagram illustrating an embodiment of
the reconfigurable CLE 500 of FIG. 5 1in a two-stage configu-
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Mux6
(524¢)

ration. As shown, bold line portions of the reconfigurable
CLE 500 are preferably enabled 1n the two-stage configura-
tion. In the embodiment of FIG. 65, the reconfigurable CLE
500 functions as a two-stage CLE (e.g. CLE 210 of FIG. 25).

As was previously described, the reconfigurable CLE 500

may be coupled between a downsampler 502, and a descram-
bler/despreader block 5065.

As shown, digitized samples of a received wireless signal
may be mput to the downsampler 502, which resamples the
input at a lower sampling rate, (e.g., resample every 4” or 8”
input sample). The downsampler 502 outputs a signal to
equalizer 504a and to delay line 512a. As shown, delay line
512a recerves the downsampler output through mux 524¢ (set
to input 1). Equalizer 504a outputs a FIR filtered signal which
1s sent through mux 524/ (set to input 0), whereby the recerved
signal 1s compared with a pilot signal “PN1” by subtracter
531a. The result of subtracter 531a 1s conjugated by conju-
gate block 532a and mput to multiplication block 533a. The
multiplication block 533a also receives as input the result of
dividing the norm square by the adaptation coetlicient “p,”
(1.e., the norm square value 1s normalized using u, ), which 1s
carried out by divider block 534a. As shown, the norm square
value 1s passed directly to divider 534a through mux 5244 (set
to 1nput 0). The multiplication block 533a multiplies the
normalized norm square by the conjugated difference
between the equalizer 504a output and the desired (pilot)
signal “PN1”", whereby weight coellicients (filter tap weights)
are updated and stored in the weight update (WU) block of
equalizer 504a.

The output of the equalizer 504a 1s forwarded to signal
regeneration block 511, which may comprise a descrambler/
despreader 506a, a normalize block 514, a delay line 5125, a
clipping block 515, a scaling block 516, and a rescrambler/
respreader block 508. The signal regeneration block 511
despreads, averages, normalizes, and respreads the output of
equalizer 504a. The output of signal regeneration block 511 1s
then 1input to subtracter block 5315 through mux 5245 (set to
input 0). The subtracter block 5315 calculates the difference
between the regenerated signal from regeneration block 511
and the FIR output of equalizer 5045. This difference 1is
conjugated by conjugator 5326 and mput to multiplication
block 5335. The multiplication block 3335 also recerves the
normalized norm square of the input to equalizer 5045, which
1s divided (normalized) by adaptation coefficient “u,” using
divider 534b. As shown 1 FIG. 6b, equalizer 5045 may
receive the original mnput signal from downsampler 502
through mux 524c¢ (set to input 1), delay line 5124, and mux
524e¢ (set to input 1). The output of multiplication block 5335
1s used to update the weight coellicients (filter tap weights) of
equalizer 5045 (stored 1n the weight update “WU” block).

As previously explained, using the reconfigurable CLE
500 as a two-stage CLE (e.g. CLE 210) may allow tracking
changes in a wireless channel more quickly and accurately
than would be possible with a single-stage CLE (e.g., CLE
200). As shown, the equalizers 504a and 5045 of FIG. 65 may
cach have their own calculation resources (e.g., divider, sub-
tracter, conjugator, multiplier), which are used update the
welght coellicients as previously described. As was previ-
ously mentioned for the two-stage CLE 210, the embodiment
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of reconfigurable CLE 500 shown 1n FIG. 656 may preferably
be used with multi-path time profiles similar to those shown
in FIGS. 1q and 154.

FIG. 6c¢ 1s a block diagram illustrating an embodiment of
the reconfigurable CLE 500 of FIG. 5 1n a *“concatenated”
configuration. As shown, bold line portions of the reconfig-
urable CLE 500 are preferably enabled in the concatenated

configuration. In the embodiment of FIG. 6c¢, the recontig-
urable CLE 500 functions as a concatenated CLE (e.g. CL.

220 of FIG. 2¢). As was previously described for CLE
embodiments, the reconfigurable CLE 500 may be coupled
between a downsampler 502, and a descrambler/despreader
block 50654.

As shown, digitized samples of a recerved wireless signal
are mput to the downsampler 502, which resamples the input
at a lower sampling rate, (e.g., resample every 4” or 8” input
sample). The downsampler 502 outputs a signal to the NLMS
equalizer 504a, which calculates a norm square (NS block) by
squaring the values stored at each tap delay and adding them
together. The tap delay line output (“TDLO”) of equalizer
504a may be passed to equalizer 5045 through mux 524c¢ (set
to mput 0) and mux 524e (set to mput 0).

The norm squares of equalizers 504a and 5045 are summed
by summation block 525 to create a combined norm square.
The combined norm square 1s mput to divider 5334a through
mux 524a (set to mput 1), which divides the combined norm
square by adaptation coeflicient “u,” (i.e., the combined
norm square 1s normalized by u,), and outputs a result to
multiplication block 533a. Meanwhile, the FIR outputs of
equalizers 504a and 5045 are summed by summation block
523 and compared to a pilot signal “PN1” using subtracter
531a. As shown, the summed equalizer FIR outputs are for-
warded to subtracter 531a through mux 524/ (set to input 1).
The output of subtracter 531a 1s conjugated by conjugate
block 532a and input to multiplier 5334a. The multiplication
block multiplies the normalized combined norm square
described above by the conjugated difference between the
pilot signal and the summed equalizer outputs described
above. The output of multiplication block 5333a may then be
used to update weight coeflicients (filter tap weights) stored
in the WU (weight update) blocks of equalizers 504a and
5045. As shown, the output of multiplier 333a 1s coupled to
the WU block of equalizer 50456 through mux 5244 (set to
iput 1).

The combined FIR outputs of equalizers 504q and 5045 are
forwarded to descrambler/despreader block 5065 through
mux 524¢ (set to input 1). As previously explained for con-
catenated CLE 220, the embodiment of reconfigurable CLE
500 shown 1n FIG. 6c may preferably be used with multi-path
time profiles similar to that shown in FIG. 1¢, wherein multi-
path sub-signals are spread out over a large number of chip-
time units.

FIG. 6d 1s a block diagram illustrating an embodiment of
the reconfigurable CLE 500 of FIG. 5 1n a “sparse” configu-
ration. As shown, bold line portions of the reconfigurable
CLE 500 are preferably enabled in the sparse configuration.
In the embodiment of FIG. 6d, the reconfigurable CLE 500
functions as a sparse CLE (e.g. CLE 230 of FIG. 2d). As was
previously described for CLE embodiments, the reconfig-
urable CLE 500 may be coupled between a downsampler 502,
and a descrambler/despreader block 50654.

As shown, the reconfigurable CLE embodiment of FIG. 64
1s the same as the reconfigurable CLE embodiment of FIG. 6¢
with the exception that delay line 512a 1s used 1n FIG. 6d. As
shown, delay line 512qa 1s activated by setting mux 324e to
input 1 instead of input O as was the case 1n the concatenated
embodiment of FIG. 5¢. As a result, the “sparse” configura-
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tion functions the same as the “concatenated” configuration
explained above, except that a delay (using delay line 512a)
may be added between the TDLO output of equalizer 504a
and the FIR 1nput of equalizer 5045. As previously explained
the sparse configuration may preferably be used with multi-
path time profiles 1n which clusters of multi-path sub-signals
are separated by a large number of chip-time units.

FIG. 6¢ 1s a block diagram illustrating an embodiment of
the reconfigurable CLE 500 of FIG. 5 1n a single-stage equal-
1zer pair configuration (also called transmit diversity configu-
ration). As shown, bold line portions of reconfigurable CLE
500 are preferably enabled during the transmit diversity con-
figuration. In the embodiment of FIG. 6e, the reconfigurable
CLE 500 functions as two single-stage CLE’s, (1.e. two
single-stage CLE’s 200 as shown 1n FIG. 2a). As was previ-
ously described for CLE embodiments, the reconfigurable
CLE 500 may be coupled between a downsampler 502, and a
descrambler/despreader block 50654.

As shown, digitized samples of a recerved wireless signal
are iput to the downsampler 502, which resamples the input
at a lower sampling rate, (e.g., resample every 4” or 8” input
sample). The downsampler 502 outputs a signal to equalizers
504a and 504H, which each calculate a norm square (NS
block) as previously described. As shown, equalizer 50456
receives the output of downsampler 502 through mux 3524c
(set to mput 1) and mux 524e (set to input 0). The output of
equalizers 504a and 5046 are obtained using FIR (Finite
Impulse Response) filtering operations (FIR blocks). As
shown, the filter tap weights of equalizer 504a may be
updated by comparing the FIR output of equalizer 504a with
a pilot signal “PN1" and calculating the filter tap weights as
previously described. Additionally, the filter tap weights of
equalizer 5045 may be updated by comparing the FIR output
of equalizer 5045 with a pilot signal “PN2”” which 1s selected
through mux 5245 (set to 1) and calculating new filter weights
as previously described. The FIR output of equalizer 504q
may be received by descrambler/despreader 506a, which
descrambles and despreads the signal as previously described
and outputs a signal to a STTD and/or CLTD interface. Like-
wise, the FIR output of equalizer 5045 may be received by
descrambler/despreader 5065, which descrambles and
despreads the FIR outputs of equalizer 5045 and outputs a
signal to the STTD and/or CLTD interface. The weight coel-
ficients (filter tap weights) are calculated for both equalizers
504a and 5045 as previously described.

FIG. 7 1s a block diagram illustrating a recerving system
700 1n which a reconfigurable CLE may implemented. Spe-
cifically, the receiving system 700 1s 1llustrative of a HSDPA
receiving architecture. As shown in FIG. 7, the receiving
system 700 may comprise a downsampler 702, a CLE 704, a
descrambler/despreader 706, a demapper 708, LLR conver-
s1on block 710, a HARQ 712, and a turbo decoder 714.

As previously explained, the downsampler 702 resamples
the input at a lower sampling rate, (e.g., resample every 4” or
87 input sample) and outputs a signal to the CLE 704. The
CLE 704 restores orthogonality by adaptively filtering the
received signal and passes the “equalized” signal to descram-
bler/despreader block 706 which descrambles and despreads
the signal from the CLE 704 as previously described. In at
least some embodiments, the CLE 704 1s a reconfigurable
CLE 500 as previously described. The demap block 708
converts the data to soit symbols. The Log Likelihood Ratio
(LLR) block 710 recerves the soit symbols from demap block
708 and converts them to LLR format. The process of con-
verting the data to LLR format also saves that data in memory,
thereby allowing the HARQ 712 to asynchronously read
blocks of data. The combined function of the HARQ 712 and
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the turbo decoder 714 preferably may be to recognize when
errors are present 1n the received data and request retransmis-
sion. Specifically, the Hybrid Automatic Repeat Request
(HARQ) 712 stores data coming from the equalizer, while the
function of the turbo decoder 714 1s to decode the data. The
HARQ 712 and the turbo decoder 714 may request retrans-
mission of data until a combination of old data and new data
provide an error iree data stream.

FI1G. 8 shows a block diagram illustrating a method 800 of

selecting an operating mode of a reconfigurable CLE (e.g.,
reconiigurable CLE 500). As shown 1in FIG. 8, the method 800

may comprise determining the number of antennas of a
tranmsitter at block 801. If there 1s more than one antenna at
the transmitter, then a single-stage equalizer pair mode 1s

preferably selected (block 802).

Otherwise, the method 800 may continue by determining,
the length of the multi-path delay profile at block 803. If the
length of the multi-path delay profile is short (1.€., 1f the length
1s less than the number of taps of a single adaptive equalizer),
and there 1s a single significant path as determined by block
804 (i.e., 1 a single sub-signal contains most of the total
energy of a multi-path signal), then a single-stage equalizer
mode may be used (block 805).

The method 800 selects a two-stage equalizer mode (block
807) if there 1s one antenna at the transmitter (determined at
block 801), the length of the multi-path delay profile 1s short
at previously described (determined by block 803), and there
1s not a single significant path as determined by block 804.
The method 800 also selects the two-stage equalizer mode at
block 807 when there 1s one antenna at the transmuitter (deter-
mined at block 801), the length of a multi-path delay profile 1s
long (i.e., if the length 1s more than the number of taps
required for a single adaptive equalizer) as determined by
block 803, and ninety-five percent of the total multi-path
energy may be captured (determined by block 806) using the
two-stage mode of block 807.

If there 1s one antenna (determined at block 801), the length
of the multi-path delay profile 1s long (determined at block
803), and ninety-five percent of the total energy of a multi-
path signal 1s not capturable (determined at block 806), then
the number of energy clusters in the multi-path signal 1s
determined at block 808. If there 1s one energy cluster, a
concatenated equalizer mode 1s selected at block 809. It there
1s more than one energy cluster, a sparse equalizer mode 1s
selected at block 810. Details regarding the single-stage
equalizer pair, the single-stage equalizer, the two-stage equal-
izer, the concatenated equalizer, and the sparse equalizer are
described above.

The above discussion 1s meant to be illustrative of the
principles and various embodiments of the present invention.
Numerous other variations and modifications will become
apparent to those skilled 1n the art once the above disclosure
1s Tully appreciated. It 1s intended that the following claims be
interpreted to embrace all such variations and modifications.

What 1s claimed 1s:

1. An apparatus, comprising:

two or more adaptive equalizers;

a plurality of operation blocks that interconnect the adap-
tive equalizers;

a first control mechanism that configures the adaptive
equalizers and the plurality of operational blocks
according to different signal delay profiles;

a second control mechanism that disables at least one of
said plurality of operational blocks according to the
different signal delay profiles; and
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a third control mechanism that disables a computation
resource of at least one of said adaptive equalizers
according to the different delay profiles.

2. The apparatus of claim 1 wherein each of said two or

more adaptive equalizers comprise a computational resource.

3. The apparatus of claim 2 wherein the computation

resource comprises at least one 1tem selected from the group
consisting of: a summer, a conjugation block, a multiplier,
and a divider.

4. The apparatus of claim 1 wherein said operational blocks
comprise at least one 1tem selected from the group consisting

of:

a signal regenerator;

a delay line; and

a suminet.

5. The apparatus of claim 1 wherein the different signal
delay profiles comprise at least one multi-path signal profile
selected from the group consisting of:

sub-signals that arrive to the apparatus 1n consecutive chip
time units;

sub-signals wherein one sub-signal comprises a substantial
amount of total energy of the sub-signals;

sub-signals that do not arrive to the apparatus 1n consecu-
tive chip time units;

sub-signals that arrive to the apparatus in two or more
clusters;

sub-signals that arrive to the apparatus from more than one
antenna.

6. The apparatus of claim 1 wherein a two-stage configu-

ration of the apparatus comprises a default mode.

7. An apparatus, comprising:

two or more adaptive equalizers;

a plurality of operation blocks that interconnect the adap-
tive equalizers;

a first control mechanism that configures the adaptive
equalizers and the plurality of operational blocks
according to different signal delay profiles;

a second control mechanism that disables at least one of
said plurality of operational blocks according to the
different signal delay profiles; and

a third control mechanism that disables a computation
resource ol at least one of said adaptive equalizers
according to the different delay profiles, the first, sec-
ond, and third control mechanisms comprise multiplex-
ers that receive control signal according to the different
delay profiles.

8. A method, comprising:

recerving a multi-path signal profile;

determining attributes of the multi-path signal profile,
comprising determining an amount of energy 1n a single
sub-signal of the multi-path profile 11 the length of the
multi-path signal profile 1s less than a maximum number
of taps of a single adaptive equalizer; and

operating two or more adaptive equalizers, computational
resources of the two or more adaptive equalizers, and
operational blocks interconnecting said two or more
adaptive equalizers according to said attributes of the
multi-path signal profile.

9. The method of claim 8 wherein determining attributes of
the multi-path signal profile comprises determiming a number
of antennas at a transmitter, and determining a delay length of
the multi-path signal profile 1f said number of antennas 1s
equal to one.

10. The method of claim 8 wherein determining attributes
of the multi-path signal profile comprises determining an
amount of energy capturable by a two-stage adaptive equal-
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izer 1t said length of the multi-path signal profile requires
more than the maximum number of taps of a single adaptive
equalizer.

11. The method of claim 10 wherein determining attributes
of the signal comprises determiming a number of energy clus-
ters of the multi-path signal profile 1f the amount of energy
capturable by a two-stage adaptive equalizer 1s less than
around ninety-five percent of total energy of the multi-path
signal profile.

12. The method of claim 8 further comprising disabling at
least one selected from the group:

adaptive equalizer;

operational block; and

computational resource.

13. A system comprising:

two or more adaptive equalizers;

a plurality of operational blocks;

a means for selectively interconnecting the two or more
adaptive equalizers and the plurality of operational
blocks according to the attributes of a signal profile; and

ameans for disabling a computation resource of at least one
of the two or more adaptive equalizers according to said
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attributes of the signal profile, the means for selectively
interconnecting and the means for disabling comprising,
a plurality of multiplexers.

14. The system of claim 13 further comprising means for
disabling at least one of the plurality of operational blocks
according to said attributes of the signal profile.

15. The system of claim 13 further comprising means for
sharing computational resources of the two or more adaptive
equalizers.

16. The system of claim 13, wherein the attributes of the
signal profile comprise at least one selected from the group
consisting of:

a number of antennas that transmitted the multi-path sig-

nal;

a length of the multi-path signal profile;

an amount of energy 1n a single sub-signal of the multi-path

signal;

an amount of capturable energy by a number of adaptive

equalizers; and

a number of energy clusters.

G ex x = e
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